Abstract -This paper mainly introduces the the control system of micro AUV based on open source hardware. The control system is the most important part of the AUV and its performance has a direct impact on the stability and reliability of AUV. Due to the small size and limited energy, micro AUV puts more restrictions on the volume and power consumption of the control system. In this paper, we choose the BeagleBone Black, the open source hardware, as the main controller, the rich peripheral interface of it facilitates data acquisition and centralized processing of the vehicle. Arduino, another type of open source hardware, is used as the node controller of the control system. Compared with the traditional hardware design, this architecture has the advantages of small volume, low power consumption, low cost, short period of development and maintenance, and it also had good performance in data processing and real-time control. The experimental results showed that the control system based on this architecture run effectively.
I. INTRODUCTION
Autonomous Underwater Vehicle(AUV) is a new kind of underwater robot that can voyage and manage itself autonomously relying on the power carried by itself without any physical connection to the mother ship [1] . With the acceleration of the development and utilization of the ocean, the equipment for marine exploration and development is more widely used. As important marine technology equipment, AUV has become the new research focus of the world. Due to the large size, high cost and inconveniences of large and medium-sized AUV, researchers in the world have begun to study the micro AUV. We take the United States Bluefin SandShark micro AUV as an example to explain. SandShark is a highly modular autonomous underwater vehicle able to carry multiple sensors and payloads at once. It boasts a high energy capacity that enables extended operations even at the greatest depths. The SandShark has immense capability but is also flexible enough to operate from various ships of opportunity worldwide. The control system of the SandShark is based on open source hardware, which has the advantage of reducing costs, improving compatibility and maintainability, so it can be seen that miniaturization and open-source have become one of the most important trends in the development of micro AUV [2] . At present, SandShark has been tested and put into the market, which reflect the high stability and reliability of its control system. Our team intends to do research on centralized-control of AUV in the future, we need a large number of AUV to build up our team formation, so we decided to develop a micro AUV based on open source hardware as our research carrier. The micro AUV is shown in Fig. 1 .
From a control viewpoint, micro AUV needs to carry out a variety of measurement tasks, so it should be equipped with a lot of high-performance sensors which mainly include navigation sensors, mission sensors and and system sensors. Navigation sensors are used for estimating the motion of the micro AUV, such as IMU, electronic compass, etc; Mission sensors are used for providing information about the environment, such as pressure sensor, camera, etc; System sensors are used for getting information about micro AUV itself which are related to the self safety, such as leak sensor, temperature sensor, etc [3] . Therefore, there is a large number information exchange between controller and devices, this requires that the control system must have high reliability and real-time performance. The data communication and control system of traditional AUV is that all devices communicate with the main controller directly. But now, AUV has more tasks, takes more devices and travels in unknown and dangerous environment, this structure will increase the burden of the main controller and then reduce the efficiency of the control system. So the micro AUV's control system is typically distributed, it contains a plurality of node controllers and each node is connected with the sensors related to their own task [4] .
The most notable characteristic of the micro AUV's control system is that the application of star network structure, which is shown in Fig. 2 . We use a small-sized switch as the central node of the network, computational units in the network are connected to the central node through network interface, and the information is exchanged between them through the central node [5] . At the same time, we use wireless router as a node to access the network, so that we can link to the control system, download the control program to the main controller and get real-time information of devices. Besides, this structure makes the control system becomes more extensible and maintainable, we can install new device or computational unit to the system according to our needs in the future.
II. HARDWARE ARCHITECTURE
The overview of the system is shown in Fig. 3 . The onboard hardware architecture contains two computational units. The computer units are: one BeagleBone Black and one Raspberry Pi, both of them are installed with Debian system based on Linux. These two units are with network interface, so they can communicate with each other through Ethernet according to specified data format [6] . In addition, there is a network switch in the architecture, which is central node of star network structure. The switch has enough network interfaces so that we can add more computational units to the system [7] .
A. Sensors
Sensors of the micro AUV mainly contain GPS, camera, IMU, electronic compass, depth gauge leak sensor and so on, the micro AUV can get the information needed for autonomous navigation through them. The explication of these sensors are as follows:
Inertial Measurement Unit (IMU): Used to get accurate real-time attitude and orientation of the micro AUV. These information will be applied to algorithm and strategy of the control system.
Electronic Compass: Used to get real-time navigation angle of the micro AUV. These information will also be applied to control algorithm and strategy.
GPS: digital sensor. Used to get accurate absolute position of the micro AUV. It is used only for micro AUV's surface navigation.
Pressure Sensor: analog sensor. Used to get the pressure of water. These data can determine the operation depth of the micro AUV.
Leak Sensor: digital sensor. Used to detect any water leakage.These sensors are located inside the lower part of the micro AUV [8] .
Camera: Used to get real-time visual information. These information will be applied to image processing algorithm.
B. Main Controller
The main controller is BeagleBone Black board, which is shown in Fig. 4 . It is a low cost, portable and powerful embedded computer launched by a community of developers sponsored by Texas Instruments (TI) in the early 2013. At present, there are many versions of the BeagleBone Black, the version that we decided to use is Rev C, the processor of it is TI's Sitara™ ARM Cortex™-A8, which runs at 1 GHz [8] . From this we can see that the BeagleBone Black has powerful data processing capability [9] . About the memory system, the BeagleBone Black has 512MB DDR3 SDRAM, 4GB onboard eMMC flash memory, this is different from Raspberry Pi which needs extra SD card, so we can install operation system directly on the board, such as Ubuntu, Debian and Android [9] . Moreover, sufficient storage capacity allows users to install various software packages that they like, which is very convenient for us to use.
About the connectivity, the BeagleBone Black board contains two 46 pin headers that includes UART, IIC, SPI and so on, USB ports, a micro HDMI connector for audio/video output, and 10/100 Mbps Ethernet port. From the above description, we can see that the BeagleBone Black has rich interface resources, powerful functions and compact size, this is why we choose it as the main controller.
As shown in Fig. 5 , the BeagleBone Black get the data from the sensors and control process then to update the status database. The acquisition of the data from electronic compass, IMU and GPS works at 10Hz. This frequency is also used to transmit control information to node controllers. The loops of heading and depth operates at 5Hz according to traditional experience, this channel is also used to make a log of the system operation and fault handling. 
C. Node Controller
The node controller is Arduino, which is shown in Fig. 6 . It is a convenient embedded development platform of open source electronics, we take Arduino UNO as an example for a brief introduction. This version is based on the ATmega328, high performance Atmel 8-bit AVR RISC-based microcontroller. It has 14 digital input/output pins with 6 analog inputs, a 16 MHz ceramic resonator, a USB connector, a power jack and ICSP header. The Arduino can be powered via the USB connector or with an external power supply [10] . Compared with the traditional SCM, the biggest advantage of Arduino is to support Arduino integrated development environment (IDE). Arduino IDE is a java based open-source software and runs on various platforms such as Windows, Mac OS X, and Linux. So it is easy for us to get started programming language tool for developing [11] . Besides, Arduino built-in A/D, D/A conversion makes it have good performance in real-time input and output, which makes developers release from PWM and AD chip, so that they can spend more time on the implementations of the functions [12] .
D. Visual Unit
The visual module is Raspberry Pi Model B, which is shown in Fig. 7 . It is a high performance micro-computer motherboard and has been derived from a variety of models, we take the Raspberry pi 3 Model B as an example for a brief introduction. This version with a 64-bit 1.2GHz quad-core processor 1GB RAM, Wi-Fi and Bluetooth 4.1 controller. It also has USB2.0 ports, 10/100 Ethernet, 40 GPIO pins, Fullsize HDMI 1.3a port, Camera interfaces and so on [13] . Compared to the same type of development board, Raspberry Pi has advantages in image processing. Now OpenCV is an essential tool in the visual processing field and Python is the best programming language in this field. Luckily, Raspberry Pi supports them at the same time. Therefore, OpenCV has been integrated into Raspberry Pi by developers for the library's flexible compatibility and hardware acceleration standards [14] . This is the reason that we choose Raspberry Pi as visual platform of the micro AUV.
E. Execution Unit
The execution unit mainly contains the motor and steering engine, both of them are controlled by Arduino. Arduino get control commands from the main controller and then generates PWM to control motor and steering engine [15] . By reading the user manual of Arduino, we can find that Arduino UNO Rev3 has 6 pins that can generate PWM, namely D3, D5, D6, D9, D10, D11, but the frequency of the PWM is 490Hz, the motors used in the micro AUV can't identify it. So we used the timer named MsTimer2 of Arduino to generate PWM of 50Hz to control motors, the experimental results showed that this method is effective.
III. EXPERIMENT RESULT
The micro AUV has successfully completed a variety of tests, which is shown in Fig. 8 . It needs only the Ethernet connection which can be obtained by wireless communication network on the surface of water. The process of transmitting the commands from user to the micro AUV and the responses from the micro AUV to user is very fluid, no interrupt occurred. But sometimes there is a small time delay occurs which depends on distance of wireless network and environment. When moving underwater, the micro AUV send status information to users through optical fibre instead of cable. The transmission speed of optical fibre is so fast that there is almost no delay occurs. The lateral motors of the micro AUV are controlled by the PID controller which is shown in Fig. 9 . The controller contains three parameters: Kp, Ki and Kd, which represent proportional, integral and derivative error respectively. The input is longitudinal deviation, the output of calculations is translated into the power information to control lateral motors, it can help the micro AUV avoid the deviation between current pitch angle and reference pitch angle. The navigation performance testing of the micro AUV has been finished, the result is shown in Fig. 10 and Fig. 11 . The predetermined depth is 2 meters. Duo to the size of experiment site, each test lasted for a short time, but from the result we can see that as the micro AUV approaches the predetermined depth, its trim angle becomes smaller and smaller. Obviously, the micro AUV will eventually navigate at the predetermined depth.
Time (s) Fig. 10 Depth experiment data Time (s) Fig. 11 Trim angle experiment data IV. CONCLUSION In this paper a control system based on open source hardware for micro AUV are described. This design has successfully passed a variety of tests, which demonstrated the excellent reliability of the control system. In addition, We have also achieved several goals intended before the start of our project. For example, we spent only 3 months from begin to finish. Compared with traditional AUV, the development cycle of micro AUV is pretty short; The cost of all devices is about fifty thousand RMB. From this we can see that the micro AUV will be very suitable for financially strapped research teams. In the future, the micro AUV will be an excellent equipment available for academic purposes.
